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We interprete the new double charm baryon state found by the LHCb Collaboration in the invari-
ant mass distribution of the set of final state particles (Λ+
c
K
−
pi
+
pi
+) as being at the origin of the
decay chain Ξ++
cc
→ Σ++
c
(→ Λ+
c
pi
+) + K¯∗0(→ K−pi+). The nonleptonic decay Ξ++
cc
→ Σ++
c
+ K¯∗0
belongs to a class of decays where the quark flavor composition is such that the decay proceeds
solely via the factorizing contribution precluding a contamination from internal W -exchange. We
use the covariant confined quark model previously developed by us to calculate the four helicity am-
plitudes that describe the dynamics of the transition Ξ++
cc
→ Σ++
c
induced by the effective (c→ u)
current. We then proceed to calculate the rate of the decay as well as the polarization of the Σ++
c
and Λ+
c
baryons and the longitudinal/transverse composition of the K¯∗0. We estimate the decay
Ξ++
cc
→ Σ++
c
K¯
∗0 to have a branching rate of B(Ξ++
cc
→ Σ++
c
K¯
∗0) ∼ 10.5%. As a byproduct of our
investigation we have also analyzed the decay Ξ++
cc
→ Σ++
c
K¯
0 for which we find a branching ratio
of B(Ξ++
cc
→ Σ++
c
K¯
0) ∼ 2.5%.
PACS numbers: 12.39.Ki,13.30.Eg,14.20.Jn,14.20.Mr
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I. INTRODUCTION
Very recently the LHCb Collaboration has reported on the discovery of the double charm state Ξ++cc [1] found in
the invariant mass spectrum of the final state particles (Λ+c K
− π+ π+) where the Λ+c baryon was reconstructed in the
decay mode pK−π+. The mass of the new state was given as 3621.40±0.72±0.27±0.14MeV. The central value of the
extracted mass is very close to the 3610 MeV value predicted in Ref. [2] in the framework of the one gluon exchange
model of de Rujula, Georgi and Glashow [3] which features a Breit-Fermi spin-spin interaction term. It is noteworthy
that Ebert et al. predicted a mass of 3620 MeV for the Ξ++cc using a relativistic quark-diquark potential model [4]. We
interprete the new double charm baryon state found in the (Λ+c K
− π+ π+) mass distribution as being at the origin of
the decay chain Ξ++cc → Σ++c (→ Λ+c π+) + K¯∗0(→ K−π+). This decay chain is favored from an experimental point of
view since the branching ratios of the daughter particle decays Σ++c → Λ+c π+ and K¯∗0 → K−π+ are large (∼ 100%
and, from isospin invariance, ∼ 66%, respectively).
The nonleptonic decay Ξ++cc → Σ++c + K¯∗0 belongs to a class of decays where the quark flavor composition is such
that the decay proceeds solely via the factorizing contribution precluding a contamination from internal W -exchange.
We use the covariant confined quark model previously proposed and developed by us to calculate the four helicity
amplitudes that describe the dynamics of the transition Ξ++cc → Σ++c induced by the effective (c → u) current. We
then proceed to calculate the rate of the decay as well as the polarization of the Σ++c and Λ
+
c baryons and the
longitudinal/transverse composition of the K¯∗0. The nontrivial helicity composition of the K¯∗0 leads to a nontrivial
angular decay distribution in terms of the polar angle θV formed by the direction of the K
− in the K¯∗0 rest system
and the original flight direction of the K¯∗0.
Double heavy baryon decays and their magnetic moments were treated by us before in Refs. [5] where we performed
a comprehensive study of the semileptonic and radiative decays of double heavy baryons using a covariant quark
model. The version of the covariant quark model used in Ref. [5] has recently been improved by incorporating quark
confinement in an effective way [6]. For the calculation of the relevant transition Ξ++cc → Σ++c in this paper we use
the improved model which we dub the covariant confined quark model (CCQM). The physics of double heavy charm
and bottom baryons (mass spectrum and decay properties) has been studied before in a number of papers [7]-[18].
2II. MATRIX ELEMENTS, HELICITY AMPLITUDES AND RATE EXPRESSIONS
The matrix element of the exclusive decay B1(p1, λ1)→ B2(p2, λ2) + V (q, λV ) is defined by
M(B1 → B2 + V ) = GF√
2
Vij V
∗
kl Ceff fV MV 〈B2|q¯2Oµq1|B1〉 ǫ†µ(λV ) . (1)
In the present case B1 = Ξ
++
cc , B2 = Σ
++
c , V = K¯
∗ 0, Vij = Vud = 0.97425, V
∗
kl = V
∗
cs = 0.974642. For the effective
current strength we use the large Nc limit of the relevant effective current combination Ceff = C2 + 1/Nc · C1 to
write Ceff = −0.565 [19]. The large Nc limit has also been used to successfully describe the nonleptonic decays
Λ0b → Λ+ J/ψ and Λ+c → pφ which belong to same class of neutral vector meson decays as Ξ++cc → Σ++c + K¯∗0 which
proceed solely via the factorizing contribution (also called internal W -emission) in Refs. [20, 21]. The leptonic decay
constant is denoted by fV . The Dirac string O
µ reads Oµ = γµ(1 − γ5).
The hadronic matrix element 〈B2|q¯2Oµq1|B1〉 is expressed in terms of four dimensionless invariant form factors
F
V/A
1,2 (q
2), viz.
〈B2|q¯2γµq1|B1〉 = u¯(p2, s2)
[
γµF
V
1 (q
2)− iσµν qν
M1
FV2 (q
2)
]
u(p1, s1) ,
〈B2|q¯2γµγ5q1|B1〉 = u¯(p2, s2)
[
γµF
A
1 (q
2)− iσµν qν
M1
FA2 (q
2)
]
γ5u(p1, s1) , (2)
where σµν = (i/2)(γµγν − γνγµ) and all γ-matrices are defined as in Bjorken-Drell. Here we drop FV/A3 (q2) form
factors, which do not contribute to the decay B1 → B2 + V due to the vector current conservation.
Next we express the vector and axial vector helicity amplitudes H
V/A
λ2λV
contributing to the decay Ξ++cc → Σ++c +K¯⋆0
in terms of the invariant form factors F
V/A
1,2 , where λV = ±1, 0 and λ2 = ±1/2 are the helicity components of the
vector meson and the baryon B2, respectively.
We need to calculate the expression
Hλ2λV = 〈B2(p2, λ2)|q¯2Oµq1|B1(p1, λ1)〉 ǫ†µ(λV ) = HVλ2λV −HAλ2λV , (3)
where we split the helicity amplitudes into their vector and axial parts. We shall work in the rest frame of the baryon
B1 with the baryon B2 moving in the positive z-direction: p1 = (M1, ~0), p2 = (E2, 0, 0, |p2|) and q = (q0, 0, 0,−|p2|).
The helicities of the B1, B2, and V are related by λ1 = λ2 − λV leading to the angular momentum restriction
|λ2 − λV | ≤ 1/2. One has
HV1
2
0
=
√
Q−/M2V
(
FV1 M+ + F
V
2
M2
V
M1
)
, HA1
2
0
=
√
Q+/M2V
(
FA1 M− − FA2 M
2
V
M1
)
,
HV1
2
1
=
√
2Q−
(
− FV1 − FV2 M+M1
)
, HA1
2
1
=
√
2Q+
(
− FA1 + FA2 M−M1
)
.
(4)
The remaining helicity amplitudes are given by the parity relations HV−λ2,−λV = +H
V
λ2,λV
, and HA−λ2,−λV = −HAλ2,λV .
We use the abbreviations M± =M1 ±M2, Q± =M2± −M2V , |p2| = λ1/2(M21 ,M22 ,M2V )/(2M1).
The decay width is given by
Γ(B1 → B2 + V ) = G
2
F
32π
|p2|
M21
|VijV ∗kl|2 C2eff f2V M2V ·
(
HU +HL
)
, (5)
where we introduce the following combinations of helicity amplitudes
HU = |H 1
2
1|2 + |H− 1
2
−1|2 transverse unpolarized ,
HL = |H 1
2
0|2 + |H− 1
2
0|2 longitudinal unpolarized .
(6)
After having set up the spin-kinematical framework of the problem we now turn to the dynamics of the decay
process Ξ++cc → Σ++c K¯∗0 which necessarily is model dependent. As remarked on before the sole contribution to the
nonleptonic decay Ξ++cc → Σ++c K¯∗0 is the factorizing (or tree graph) contribution. We use the CCQM to calculate
the transition matrix element Ξ++cc → Σ++c .
3An important ingredient of the calculation is the choice of the nonlocal interpolating current which we now specify
together with the Lagrangian that describes the coupling of the constituent quarks with the double heavy baryon.
One has [5, 20]
Ξ++cc : LΞ
++
cc
int (x) = gΞ++cc Ξ¯
++
cc (x) · JΞ++cc (x) + H.c. ,
JΞ++cc (x) =
∫
dx1
∫
dx2
∫
dx3 FΞ++cc (x;x1, x2, x3) ǫ
a1a2a3 γµγ5 ua1(x1) c
a2(x2)C γµ c
a3(x3) , (7)
Σ++c : LΣ
++
c
int (x) = gΣ++c Σ¯
++
c (x) · JΣ++c (x) + H.c. ,
JΣ++c (x) =
∫
dx1
∫
dx2
∫
dx3 FΣ++c (x;x1, x2, x3) ǫ
a1a2a3 γµγ5 ca1(x1)u
a2(x2)C γµ u
a3(x3) . (8)
Differing from the calculations in [10, 17], which use a quark-diquark picture, we treat each of the three constituent
quarks as separate dynamic entities. The propagators Sq(k) = 1/(mq− 6k) for up and charm quarks are taken in a form
of free fermion propagators where mq = mu,mc are constituent quark masses fixed in previous analysis of a multitude
of hadronic processes in our approach (see, e.g., Refs. [21, 22]): mu = 0.2413 GeV, mc = 1.6722 GeV. The compos-
iteness condition of Salam and Weinberg [23] gives one constraint equation between the coupling factors gΞ++cc , gΣ++c
and the size parameters ΛΞ++cc , ΛΣ++c charactering the nonlocal distribution FΞ++cc (x;x1, x2, x3), FΣ++c (x;x1, x2, x3),
respectively. As size parameter we use ΛΣ++c = 0.867 GeV (unified size parameter for the J
P = 1
2
+
single charm
baryons fixed in Refs. [21]) and consider ΛΞ++cc as a free parameter. The size parameters of light and heavy baryons
in our approach are varied in the region 0.5− 1 GeV. Therefore, in our calculations we will vary ΛΞ++cc in the interval
0.5− 1 GeV. We found that the results for the decay widths Γ(Ξ++cc → Σ++c + K¯∗0(K¯0)) are very stable in this region
of the size parameter ΛΞ++cc . In the following discussion we will indicate the dependence of our results on the choice
of ΛΞ++cc in the interval 0.5− 1 GeV in the form A±∆A.
The leptonic decay constants fK∗ = 212 MeV and fK = 161.3 MeV evaluated in our approach are in good agreement
with data: fK∗ = (217± 7) MeV and fK = (156.1± 0.8) MeV [24].
Let us now list our numerical results for the four helicity amplitudes. They are
H 1
2
0 = 3.0± 0.1GeV , H− 1
2
0 = −(9.6± 0.4)GeV ,
H 1
2
1 = −(3.0± 0.3)GeV , H− 1
2
−1 = 10.0± 0.5GeV .
(9)
For the sum of the moduli squared of the helicity amplitudes one obtains
HN = HU +HL = 210.2± 17.9 GeV2 ,
HU = 109.0± 10.2 GeV2 ,
HL = 101.2± 7.7 GeV2 , (10)
which leads to the partial decay width
Γ(Ξ++cc → Σ++c + K¯∗0) = (0.21± 0.02)× 1012 s−1 . (11)
We have also analyzed the decay Ξ++cc → Σ++c + K¯0 using the same dynamics as for the decay Ξ++cc → Σ++c + K¯∗0.
We obtain
Γ(Ξ++cc → Σ++c + K¯0) = (0.05± 0.01)× 1012 s−1 . (12)
The K¯∗0 mode is about four times stronger than the one including the K¯0. In order to convert the partial rate into
a branching ratio one would need the total width or, equivalently, the lifetime value of the Ξ++cc . Neither of these are
known experimentally. There have been several attempts to calculate the lifetime of the Ξ++cc based on the optical
theorem for the inclusive decay width combined with the Operator Product Expansion for the transition currents
together with a heavy quark mass expansion. The results are in the range of 430 fs − 670 fs [8, 13]. As a median value
we take τΞ++cc = 500 fs. For the branching ratios we obtain
B(Ξ++cc → Σ++c + K¯∗0) =
( τΞ++cc
500 fs
)
· (10.5± 1)% ,
B(Ξ++cc → Σ++c + K¯0) =
( τΞ++cc
500 fs
)
· (2.5± 0.5)% .
4III. POLARIZATION, LONGITUDINAL/TRANSVERSE HELICITY FRACTION AND ANGULAR
DECAY DISTRIBUTIONS
We treat the decaying Ξ++cc as being unpolarized. In principle, the Ξ
++
cc could acquire a nonzero transverse po-
larization in the hadronic production process. However, since one is averaging over the rapidities of the production
process the Ξ++cc is effectively unpolarized (for more details see [22]). The baryon-side decay Σ
++
c → Λ+c π+ is a strong
decay and, even though the Σ++c is polarized, the decay Σ
++
c → Λ+c π+ possesses zero analyzing power to resolve the
polarization of the Σ++c , i.e. the azimuthal angle and the helicity angle decay distribution of the decay Σ
++
c → Λ+c π+
is uniform. For the meson-side decay K¯∗0 → K−π+ one obtains the angular decay distribution
dΓ(Ξ++cc → Σ++c + K¯∗0(→ K−π+))
d cos θV
= B(K¯∗0 → K−π+)G
2
F
32π
|p2|
M21
|VijV ∗kl|2 C2eff f2V M2V HN
×
(
3
2
cos2 θV FL + 3
4
sin2 θV FT
)
(13)
where B(K¯∗0 → K−π+) = 2/3 is the branching ratio of the decay K¯∗0 → K−π+. The angular decay distribution (13)
involves the helicity fractions of the K¯∗0 defined by
FL =
|H 1
2
0|2 + |H− 1
2
0|2
HN = 0.48± 0.01 , FT =
|H 1
2
1|2 + |H− 1
2
−1|2
HN = 0.52± 0.01 . (14)
This has to be compared to the unpolarized case FL = 1/3 and FT = 2/3 which is e.g. realized at the zero recoil
point q2 = (M1 −M2)2 where there is only the axial vector S-wave excitation of the final (Σ++c K¯∗0)–state with√
2HA
1/2 0 = H
A
1/2 1 (“allowed Fermi–Teller transition”). Our results for the helicity fractions considerably deviate
from their unpolarized values leading to a pronounced cos θV –dependence of the angular decay distribution (13)
which is quite close to W (θV ) ∼ 3/8(1 + cos2 θV ).
The longitudinal polarization of the daughter baryon Σ++c depends on the polar emission angle θV via
PΣ++c (cos θV ) =
3
4
sin2 θV
(
|H 1
2
1|2 − |H− 1
2
−1|2
)
+ 3
2
cos2 θV
(
|H 1
2
0|2 − |H− 1
2
0|2
)
3
4
sin2 θV
(
|H 1
2
1|2 + |H− 1
2
−1|2
)
+ 3
2
cos2 θV
(
|H 1
2
0|2 + |H− 1
2
0|2
) . (15)
When averaged over cos θV (one has to integrate the numerator and denominator separately) one has
PΣ++c =
(
|H 1
2
1|2 − |H− 1
2
−1|2
)
+
(
|H 1
2
0|2 − |H− 1
2
0|2
)
HN = −(0.83± 0.01) . (16)
As mentioned before the polarization of the Σ++c is not measurable in its strong decays. However, the Σ
++
c transfers
its polarization to the Λ+c in the strong decay Σ
++
c → Λ+c π+. The average longitudinal polarization of the Λ+c can
be calculated to be (we average over cos θV ):
PΛ+c (θB) =
|H 1
2
0|2 − |H− 1
2
0|2 + |H 1
2
1|2 − |H− 1
2
−1|2
HN cos θB = −(0.83± 0.01) cos θB (17)
where θB is the angle between the direction of the Λ
+
c and the original flight direction of the Σ
++
c , all in the rest
frame of the Σ++c .
For the decay Ξ++cc → Σ++c + K¯0 we find a slightly larger value of the longitudinal polarization of the Σ++c given by
PΣ++c (Ξ
++
cc → Σ++c + K¯0) =
|H 1
2
t|2 − |H− 1
2
t|2
HS = −(0.95± 0.02) . (18)
In principle, the polarization of the Λ+c can be analyzed in its weak decay Λ
+
c → pK−π+. For example, one could
attempt to measure nonvanishing values of the expectation value 〈cos θi〉 where θi is the polar angle between the
polarization direction of the Λ+c and either one of the three decay particles (i = p,K
+, π−) or the normal of the decay
plain (see an exemplary analysis of a weak (1 → 3)–particle decay in e.g. [25]). To our knowledge the weak decay
Λ+c → pK−π+ has not been completely calculated yet except for an analysis of the subchannels Λ+c → pK¯∗0 and
Λ+c → ∆++K− [26].
5IV. SUMMARY AND CONCLUSION
We have discussed in some detail the possibility that the new double charm state found in the invariant mass
distribution of (Λ+c K
− π+ π+) can be attributed to the decay chain Ξ++cc → Σ++c (→ Λ+c π+) + K¯∗0(→ K−π+). The
hypothesis can be tested experimentally by looking at the decay distributions of the particles involved in the cascade
decay. For once one can check whether there are significant peaks at the Σ++c and K¯
∗0 masses in the (Λ+c π
+) and
(K−π+) invariant mass distributions, respectively. If there is a significant continuum background one would have to
place relevant cuts on the invariant mass distribution to obtain the appropriate cascade decay channels discussed in
this paper. One can then go on and check on the angular decay distributions in the respective cascade decays which
have been written down in this paper. We have also discussed the decay Ξ++cc → Σ++c + K¯0 which we predict to have
a branching ratio four times smaller than that of the decay Ξ++cc → Σ++c + K¯∗0. It would nevertheless be interesting
to experimentally search for this decay mode.
It would also be worthwhile to experimentally check on further nonleptonic decay channels of the double charm state
Ξ++cc (see also Refs. [16]). For once there are the decay channels Ξ
++
cc → Ξ∗+c (→ Ξ0c+π+)+π+(ρ+) and Ξ++cc → Ξ∗++c (→
Ξ+c + π
+) + ρ0. Experimentally more challenging would be the decay channels Ξ++cc → Ξ
′+
c (→ Ξ+c + γ)+ π+(ρ+), and
Ξ++cc → Ξ∗++c (→ Ξ+c + π+) + π0 because their detection would require photon identification. The above two-body
nonleptonic decay modes belong to the same class of processes as the decays Ξ++cc → Σ++c + K¯∗0(K¯0) in that they
are solely contributed to by the factorizing (or tree graph) contribution. A possible W -exchange contribution (color
commensurate “C” in the terminology of [27]) is forbidden by the Ko¨rner, Pati, Woo theorem [28]. The calculation
of the above rates proceeds in the same way as the calculation in this paper and will be the subject of a future
publication [29].
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